We have examined whether a human chromosome has distinct segments that can replicate autonomously as extrachromosomal elements. Human 293S cells were transfected with a set of human chromosomal DNA fragments of 8-15 kilobase pairs that were cloned on an Escherichia coli plasmid vector. The transfected cells were subsequently cultured in the presence of 5-bromodeoxyuridine during two cell generations, and several plasmid clones labeled in both of the daughter DNA strands were isolated. Efficiency of replication of these clones, as determined from the ratios of heavy-heavy and one-half of heavy-light molecules to total molecules recovered from density-labeled cells, was 9.4% per cell generation on the average. Replication efficiency of control clones excluded during the selection was about 2.2% and that of the vector plasmid alone was 0.3%. A representative clone plWl replicated in a semiconservative manner only one round during the S phase of the cell cycle. It replicated extrachromosomally without integration into chromosome. The human segment of the clone was composed of several subsegments that promoted autonomous replication at different efficiencies. Our results suggest that certain specific nucleotide sequences are involved in autonomous replication of human segments.
INTRODUCTION
Chromosomal replication of eukaryotic cells is initiated from many locations at intervals of 15-800 kilobase pairs (kb) as demonstrated by Huberman and Riggs (1968) . In Saccharomyces cerevisiae, certain distinct genomic DNA fragments can replicate autonomously as extrachromosomal elements (Struhl et al., 1979) . The autonomously replicating sequences (ARS) contain an 11-base pair (bp) consensus sequence that is essential for autonomous replication (Celniker et al., 1984; Van Houten and Newlon, 1990) . By two-dimensional (2-D) agarose gel electrophoresis of replication intermediates, it has been demonstrated that the ARSs act as origins of extrachromosomal replication (Brewer and Fangman, 1987; Huberman et al., 1987) . Some of them have been shown to be replication origins in their original chromosomal context Linskens and Huberman, 1988) . Thus, the replication origins of the yeast chromosome are distinct regions consisting of specific nucleotide sequences.
In higher eukaryotes, the regions amplified during normal development or under drug selection have been investigated for the presence of fixed replication origins (for review DePamphilis, 1993) . The major chorion genes of Drosophila have been shown to replicate from localized regions during oogenesis (Delidakis and Kafatos, 1989; Heck and Spradling, 1990) . In hamster cells selected with N-phosphonoacetyl-L-aspartate (PALA), a large episome containing amplified CAD genes (the gene encoding trifunctional protein: calbamylphosphate synthetase, aspartate carbamylase, and dihydroorotase) replicates autonomously (Carroll et al., 1987) . In hamster cells selected for resistance to methotrexate, replication of the amplified dihydrofolate reductase (DHFR) gene has been shown to be initiated within two segments -20 and 40 kb downstream of the 3' end of the coding sequence (Burhans et al., 1986; Anachkova and Hamlin, 1989; Leu and Hamlin, 1989) . Analysis of the single copy DHFR locus by using two different techniques also showed that replication is initiated from the localized regions (Handeli et al., 1989; Vassilev et al., 1990) . The origin of bidirectional replication is localized in a 450-bp segment about 17 kb downstream of the single copy DHFR gene by the analysis of the strandness of Okazaki fragments . By using this technique, bidirectional replication origin was localized in a region upstream of the mouse adenosine deaminase (ADA) gene in both single chromosomal copy and amplified extrachromosomal copies (Carroll et al., 1993) . It has been also shown that replication is initiated within a 5-10-kb region near the hamster rhodopsin gene by analysis of temporal order in which neighboring segments replicate (Gale et al., 1992) . On the other hand, 2-D gel electrophoresis analysis has shown that replication of the DHFR gene is initiated from a large number of locations scattered within a 55-kb zone rather than from one or two unique regions (Vaughn et al., 1990; Dijkwel and Hamlin, 1992) . In addition, initiation of replication at multiple sites in the Drosophila histon gene cluster has been shown by 2-D gel techniques and also by another method Ina, 1991, 1993) . Recently, however, 2-D gel techniques suggested that the origin for DNA puff amplification in the fungus fly Sciara coprophila is located within a 1-kb region (Liang et al., 1993) . Thus, it is still controversial whether chromosomal replication in higher eukaryotes is initiated at fixed sites of the chromosome.
Various attempts have been made to identify mammalian genomic sequences that promote autonomous replication. Selection of genomic segments that could be persistently maintained has been unsuccessful, probably because of integration of segments into the chromosome and loss of extrachromosomal DNA during mitosis (Biamonti et al., 1985 (Vieira and Messing, 1987) was used for cloning and subcloning of human genomic DNA fragments. pDY- (Krysan et al., 1989) that carries the EBV oriP region and the EBNA1 and hygromycin resistant genes is defective in replication because of a small deletion in the oriP region and was obtained from Dr. M.P. Calos. To prepare plasmid DNA, transformed Escherichia coli DH5a cells (Dower et al., 1988) were grown in LB broth (10 g bactotrypton, 5 g yeast extract, and 10 g NaCl in 1 L distilled water at pH 7.2) supplemented with 30 yg/ml ampicillin and 60 ,g/ml methicillin (Masukata and Tomizawa, 1986 ). Bacterial cells were cultured at 30°C instead of 37°C to reduce rearrangement of the plasmids. Plasmid DNA, extracted from the bacteria by Triton-Lysozyme method (Clewell and Helinski, 1972) , was purified by two successive centrifugations in a CsCl solution containing ethidium bromide followed by phenol extraction and ethanol precipitation.
Cell Culture
The cell line 293S (Stillman and Gluzman, 1985) is a suspensionadapted derivative of human embryonic kidney cell line (293) transformed by adenovirus type 5 (Ad5) DNA (Graham et al., 1977) . 293S cells were cultured at 37°C under 5% CO2 in Dulbecco's modified Eagle's medium (DME) supplemented with 10% fetal bovine serum (FB). Cell line TIG-7 UCRB051 1) derived from human male fetal lung, which retained normal human karyotype, was obtained from the Japanese Cancer Research Resources Bank. TIG-7 cells were cultured in Eagle's minimum essential medium (MEM, GIBCO BRL, Gaithersburg, MD) supplemented with 10% FBS. Transfection 293S cells (2 X 105 cells) were seeded in a 6 cm-diameter dish with 5 ml DME 2 d before transfection. Three micrograms of DNA were used for transfection by coprecipitation with calcium phosphate (Chen and Okayama, 1987) . After 12 h of incubation under 5% CO2 at 37°C, cells were washed twice with the medium and further cultured for 36 h. Approximately 2.5 X 106 cells released from the dish by trypsin were diluted in 10 ml DME supplemented with 25 ,g/ml 5-bromodeoxyuridine (BrdU, Sigma, St. Louis, MO) in a 10-cm-diameter dish and cultured at 37°C for 48 h.
Preparation of Episomal DNA
Preparation of low molecular weight DNA from 293S cells was essentially as described by Hirt (1967) . Briefly, transfected cells ('1 X 107) grown in a 10-cm-diameter dish were washed twice with DME and once with phosphate-buffered saline (PBS, 8 g NaCl, 0 .2 g KCl, 2.9 g Na2HPO4-H20, and 0.2 g KH2PO4 in 1 L of redistilled water). Cells were lysed by adding 0.9 ml of lysis solution (50 mM tris(hydroxymethyl)aminomethane [Tris]-HCl pH 8.0, 50 mM EDTA, and 0.6% sodium dodecyl sulfate [SDS] ), and the lysate supplemented with 0.2 ml of 5 M NaCl was kept at 0°C for 12 h. The supematant obtained by centrifugation at 15,000 rpm for 1 h at 4°C was incubated for 30 min at 37°C with 200 ,tg/ml of proteinase K, and the DNA was purified by sequential extractions with phenol, phenol:chloroform (1:1) and chloroform, and then precipitated by ethanol. The purified DNA was dissolved in 40 Al of 10 mM Tris-HCl (pH 7.4) containing Molecular Biology of the Cell 1 mM EDTA and stored at -40°C. The low molecular weight DNA prepared as described above contains a small amount of chromosomal DNA in addition to the episomal DNA.
Equilibrium Centrifugation in CsCl
A CsCl solution was made by resolving 50 g CsCl in 38.5 ml of 10 mM Tris-HCl (pH 7.4) containing 1 mM EDTA and 150 mM NaCl, and the refractive index at 20°C was adjusted to 1.4015. Episomal DNA (10 ,al) obtained from 5 X 106 cells were mixed with 5.5 ml of the CsCl solution and centrifuged in a Beckman VTi 65 rotor (Fullerton, CA) at 50 000 rpm for 16 h at 15°C. Fractions (each about 0.3 ml) were collected from the bottom of the tube and dialyzed for 40 min against 10 mM Tris-HCl (pH 7.4) containing 1 mM EDTA using Micro Dialysis System (GIBCO BRL). DNA in each fraction was precipitated by ethanol with 10 ,ug of yeast tRNA (Type X, Sigma) added as a
carrier. An alkaline CsCl solution was made by resolving 20 g CsCl in 14 ml of 40 mM K3PO4, 1 mM EDTA, and 0.005% sarcosyl. The refractive index was adjusted to 1.4055. The sample was centrifuged in a Beckman VTi65 rotor at 50 000 rpm for 36 h at 20°C.
Isolation of Human HER Plasmids
Genomic DNA of TIG-7 cells were prepared by incubation of nearly confluent cells with 100 Mg/ml proteinase K (Boehringer Manheim, Indianapolis, IN) in 0.5 M EDTA and 0.5% sarcosyl, followed by sequential extraction with phenol and chloroform and then ethanol precipitation. The purified DNA was partially digested with HindIII, loaded on 3.5 ml of 10-40% sucrose gradient in 20 mM Tris-HCl (pH 8.0) containing 1 mM EDTA, 1 M NaCl, and 0.1% sarcosyl, and centrifuged in a Beckman SW56Ti rotor at 30 000 rpm for 12 h at 10°C. After approximate length of the fractionated DNA fragments was determined by electrophoresis in 0.6% agarose gel, 8-15-kb-long fragments were ligated to pUC1 19 that was cleaved by HindIII and dephosphorelated with calf intestinal alkaline phosphatase. The ligated DNA was used for transformation of E. coli DH5a by electroporation using Gene Pulsar (Bio-Rad, Richmond, CA) as described (Dower et al., 1988) . Single colonies formed on LB plates containing ampicillin (30 Mg/ml) and methicillin (60 Mg/ml) at 30°C were isolated, and the cells were grown in 250 Ml of LB broth containing the antibiotics in 96-well dishes. Ninety-six independent clones were mixed and the plasmid DNA was prepared from 500 ml culture as described above.
The plasmid DNA prepared was introduced into 293S cells using the calcium phosphate method, and the episomal DNA prepared from the BrdU-labeled cells was fractionated by centrifugation in an equilibrium CsCl density gradient as described above. Positions of the heavy-heavy (HH), heavy-light (HL), and light-light (LL) densities were assigned by measurement of the refractive index. DNA in the HH fraction (refractive index, 1.4045) was used for transformation of E. coli DH5a, and 96 transformants were isolated to construct the second library. By additional cycle of density labeling of the cells transfected with the plasmid DNA prepared from the second library, the third library was obtained. To identify the DNA insert in each clone of the starting and third libraries, the plasmid DNA prepared by alkaline-SDS method (Birnboim and Doly, 1979) was analyzed by agarose gel electrophoresis after digestion with HindIII and Xba I. Segments that were present in more than 10 among 96 transformants of the third library were selected as HER (higher efficiency in replication) segments.
Southern Blot Hybridization
The episomal DNA fractionated by CsCl centrifugation was suspended in 10 Al of loading buffer (0.005% bromophenyl blue, 0.005% xylene cyanole, 0.01% SDS, and 10 Mg/ml of RNase A) and subjected to electrophoresis in 0.8% agarose at 5 V/cm. DNA was then transferred to Hybond N+ (Amersham, Arlington Heights, IL) by VacuGene (Pharmacia, Piscataway, NJ) and baked at 80°C for 30 min. Membranes were preincubated at 42°C for 1 h in 50% formamide, 4X SSPE (20X SSPE is 174 g NaCl, 27.6 g NaH2PO4. H20, and 7.4 g EDTA in 1.0 L of H20 [pH 7.4]), 1% SDS, 0.5% (wt/vol) skim milk, and 500 ,ug/ml denatured salmon sperm DNA. Hybridization was carried out for 16 h at 42°C in a fresh hybridization buffer with 32P-labeled pUC119 DNA (1 X 108 cpm/,ug DNA) prepared by random primer labeling (Feinberg and Vogelstein, 1983) . Membranes were then washed twice with 2X SSC (20X SSC is 175 g NaCl and 88 g sodium citrate dehydrate in 1.0 L of H20) containing 0.1% SDS for 30 min at 42°C and once with 0.1X SSC containing 0.1% SDS for 30 min at 55°C. Autoradiogram was taken by exposing the membrane to Kodak XAR-5 film (Rochester, NY) for 2 d at -80°C without intensifying screen. For quantitative measurement of the radioactivity, membranes were contacted with an Imaging plate for 3 h and the stored images were analyzed using the Image Analyzer Fujix Bas 2000 system (Fujifilm, Tokyo, Japan).
Digestion with Methylation-sensitive Enzymes
Hirt extract was prepared at 4 d after transfection of 293S cells with indicated plasmids. The episomal DNA obtained from 5 X 105 cells was digested with 0.5-4 units of Dpn I (Boehringer Mannheim) in a 10-MAI reaction mixture containing 33 mM Tris-acetate (pH 7.9), 66 mM K-acetate, 10 mM MgCl2, and 0.5 mM dithiotheitol (DTT), or with 10 units of Mbo I (Takara Shuzo, Kyoto, Japan) in 20 mM TrisHCl (pH 8.5), 100 mM KCl, 10 mM MgCl2, and 1 mM DTT at 37°C for 1 h. The products purified by extraction with phenol:chloroform (1:1) and precipitation with ethanol were separated in agarose gel electrophoresis and analyzed by Southern blot hybridization as described above.
Long-term Replication Assay
At 2 d after transfection of 293S cells with pDY-derivatives, -2 X 105 cells were transferred to a 10-cm-diameter dish and cultured in DME containing 10% FBS and 100 Mg/ml of hygromycin B (Sigma). After the first 10 d of incubation, cells were diluted by one-tenth every 7 d, and the Hirt extracts were prepared at the indicated days. The number of extrachromosomal DNA molecules was determined by Southern hybridization with 32P-labeled pDY-DNA probe. To estimate the ratios of two plasmids in the cotransfected cells, E. coli DH5a was transformed with the Hirt extracts, and the plasmids in the transformants were identified because of the difference of the electrophoretic patterns of DNA fragments digested with HindIII and Xba I.
Synchronization of Cell Cycle
To synchronize transfected 293S cells, the method described by PedrliNoy et al. (1980) was used. Two days after transfection of 293S cells with either plW1 and pUC1 19 or plWlx2 alone, the cells were transferred to a 10-cm-diameter dish and cultured for 1 d until they became attached to the dish. The cells cultured in the presence of aphidicolin (10 ,g/ml) for 12 h were washed twice and placed in the medium without the drug (Time 0). For pulse-labeling experiments, the cells were cultured in the presence of BrdU (25 Mg/ml) for 4 h from the indicated time. To obtain maximum efficiency in recovery of the cells from the arrest, we did not employ starvation for isoleucine before aphidicolin treatment (Heintz and Hamlin, 1982) . Although a small fraction of cells may remain in the middle of S phase by the aphidicolin arrest without isoleucine deprivation, the majority of cells were arrested at the G1/S border or at very early stage of the S phase as judged by fluorescence-activated cell sorter (FACScan) analysis. Figure 1 , monomeric plWl molecules were found in the LL, HL, and HH density fractions, whereas most of the pUC1 19 molecules were in the LL fraction. The distribution of radioactivity in the HH, HL, and LL fractions was 3, 25, and 72% for plWl and 0, 0.8, and 99.2% for pUC1 19, respectively. The efficiency of replication was defined as a percentage of the molecules in the HH fraction and one-half of molecules in the HL fraction among total molecules recovered. The replication efficiencies for plW1 and pUC1 19 in this experiment were 15.5 and 0.4%, respectively. It is unlikely that a certain fraction of transfecting DNA that remained around the cell surface or in the cytosol could cause the underestimation of the efficiency of replication, because the replication efficiency was not changed when the episomal DNA was recovered from the isolated nuclei instead of from the whole cell.
RESULTS

Replication of
During the labeling period with BrdU for 48 h, chromosomal DNA replicated twice on the average as examined by reprobing the same membrane used in Figure   1 with 32P-labeled 293S cellular DNA. Because replication efficiency of plWl measured at 8 d after transfection was almost the same as the value measured at 4 d after transfection, a constant proportion of plWl molecules seems to replicate in each generation. Therefore, the efficiency of replication of plWl per cell generation was estimated to be -8%. As judged from the hybridization intensity of standard plWl DNA, the number of molecules retained in the cells at 4 d after transfection was -100 per cell, and about eight molecules within a cell replicated during a cell generation. We examined replication of plWl in the absence of BrdU, on the basis of susceptibility to methylation-sensitive restriction enzymes, Dpn I and Mbo I (Peden et al., 1980; Li and Kelly, 1984) . The Hirt extract was prepared from 293S cells at 4 d after cotransfection with plWl and pUC119 and treated with various concentrations of Dpn I. Under the conditions where pUC119 DNA was completely digested with Dpn I, -30% of plWl remained resistant to the enzyme (Figure 2A) , showing that these molecules had replicated at least once. Furthermore, when the Hirt extract from plWltransfected cells was treated with Mbo I, '-5% of piW1 molecules were digested by the enzyme (Figure 2B ), indicating the presence of the molecules that replicated more than twice. These results provide additional evidence that plWl replicates in 293S cells.
We examined replication activities of five HER clones besides plWl, which were obtained from four independent batches of a starting library, and also for clones excluded during the selection. The results of BrdU-labeling experiments with these clones are summarized in Table 1 . Replication efficiency of clones differs as much as sevenfold (p6A83 versus plC8). Even plasmids that were similar in size replicated with three-to fourfold differences in the efficiency (plWl versus pl-213 or p5F10 versus plC8). Replication efficiencies of HER plasmids were in a range of 10-27%, whereas the ef- Figure 3 , DNA strands of the HH and LL molecules were exclusively found at the heavy (1.83 g/ cm3) and light (1.76 g/cm3) densities, respectively. DNA strands of the HL molecules were in both of the heavy and light fractions in almost the same intensity ( Figure  3B) Figure 4 ). These results suggested that plWlx2 replicated as an extrachromosomal factor without integration into chromosome, although a possibility that a single copy of dimer molecule is integrated and excised precisely cannot be ruled out.
Single Round Replication of plWl in the S Phase of the Cell Cycle To examine the timing of replication of plWl in the cell cycle, growth of the 293S cells cotransfected with piW1 and pUC1 19 was blocked near the G1/S border by addition of aphidicolin (Pedrali-Noy et al., 1980) . By using FACScan flow cytometry, we confirmed that -90% of the aphidicolin-treated cells had DNA content indistinguishable from that of cells in the G1 phase, and the DNA content increased synchronously after release from the block. The cells released from the block were pulse-labeled with BrdU for every 4 h, and the Hirt extracts prepared were fractionated by CsCl density gradient centrifugation. When DNA samples were analyzed by hybridization with 32P-labeled 293S cellular DNA, more than 30% of the chromosomal DNA recovered in the Hirt extracts was found at the HL density at 4 and 8 h after the release ( Figure 5 ,A and C). The percentage of the HL density DNA decreased to <10% at 12 and 16 h and then increased to >30% again at 20 and 24 h. These results showed that the first and second S phases were within 0-8 and 16-24 h after release from the block, respectively. When the DNA samples from the Hirt extracts were hybridized with 32P-labeled pUC119 DNA probe, the HL molecules of plWl were found in the samples prepared at 4, 8, 20, and 24 h, but not at 12 and 16 h, after release from the block ( Figure 5 ,B and C). These results indicated that plWl replicated only during the S phase of the cell cycle.
To examine whether plWl replicates only one round in a cell cycle as does the chromosomal DNA, 293S cells transfected with plWlx2 DNA were released from the block by aphidicolin and labeled with BrdU for 12 h. The chromosomal DNA replicated only once during the labeling period because no DNA was found in the HH fraction but about 80% of cellular DNA in the HL fraction. When 32P-labeled pUC119 DNA was used as a probe, -20% of plWlx2 molecules were found in the HL fraction, whereas no molecule was detected in the HH fraction (Figure 6 ). If the second round replication of plWlx2 had occurred at an efficiency similar to that of the first round replication, -4% of the molecules should be detected in the HH fraction. The absence of the HH DNA indicated that none of the plWlx2 molecule replicated twice in the period. Upon extending the labeling period to 32 h to allow the second round of chromosome replication, -40 and 5% of plWlx2 molecules were found in the HL and HH fractions, respectively. These results showed that plWlx2 replicated only one round in a cell cycle and that the second round of plasmid replication was repressed until the next cell cycle.
Regions of plWl Required for Extrachromosomal Replication To delimit the region responsible for replication of plWl, we made various subclones of plWl (Figure 7) . Each subclone was introduced into 293S cells together with plWl as an internal standard, and the cells were labeled with BrdU for 24 h. Replication efficiencies of the subclones are summarized in Figure 7 . All of the subclones, except pW1-1 that lacked small regions of the insert at both ends, showed reduced replication ef-A 293 Genomic DNA probe B pUC119 p ficiencies compared with that of plWl. A comparison of the replication efficiencies of pW1-1, pW1X1, pW1E1, and pWlB1, which were different in the right ends of the insert, showed that the smaller subfragments replicated at lower efficiencies. However, pWlB1 of 4.4 kb, which lacked a 2-kb region in the right end of the insert in pWlE1, replicated more efficiently than pW1E2 of 5.0 kb, that lacked a 1.4-kb region from the left end of the insert. The observed difference in the replication efficiency cannot be explained only by the size of the insert. Rather, the difference could be attributed to nucleotide sequences in the respective regions. replication of plWl at 10 d after transfection. To examine replication of the human segment for longer periods, we used pDY-vector, a derivative of EBV, which was defective in EBV-type replication but can be retained in the nuclei (Krysan et al., 1989 Figure 7 . Replication of subclones of plWl. Pairs of plWl and each of subclones were introduced into 293S cells, and the cells were labeled with BrdU for 24 h. The Hirt extract was digested by HindlIl or BamHI before CsCl centrifugation as described in Figure 1 , so that DNA fragments derived from two plasmids were separated from each other in the agarose gel electrophoresis. DNA fragments containing the vector were detected by Southern hybridization with 32P-labeled pUC119 probe, and replication efficiencies of subclones and plWl were deduced as described in To confirm that pDY-W1 replicates preferentially to pDY-205 and pDY-during a long period, 293S cells were cotransfected with a pair of pDY-Wl and pDY-, or pDY-Wl and pDY-205. The molar ratio of the plasmids recovered in the Hirt extract was estimated from the ratios of E. coli transformants with either of the plasmids, which were distinguished by the cleavage patterns with HindIII and Xba I. The ratio of pDY-Wl to pDY-was approximately one at 4 d and increased to about 50 at 30 d ( Figure 8B ). The ratio of pDY-W1 to pDY-205 also increased to four at 16 d and about 10 at 30 d ( Figure 8B ). These results showed that pDY-W1 replicated more efficiently than pDY-205 during long periods of cultivation. It should be mentioned that the differences in replication activities of three plasmids measured by long cultivation are substantially greater than differences of replication efficiencies among these plasmids as measured by density shift assay at 4 d after transfection. The long term assay may magnify actual differences in replication efficiency that occur within a single cell cycle.
DISCUSSION
In this paper, autonomous replication of a human chromosomal DNA fragment in human cells has been investigated. We have transfected human cells with a set of genomic DNA library and selected extrachromosomal molecules assumed to have replicated two rounds during two cell generations. We showed that a representative clone, containing a 12.3-kb human segment, formed the HH and HL density molecules by density labeling of the transfected cells (Figure 1) . A certain fraction of extrachromosomal molecules was resistant to methylation-sensitive restriction enzyme Dpn I and was sensitive to Mbo I (Figure 2 ). Analysis of a single and two rounds of replication products proved that the clone replicates in a semiconservative manner ( Figure  3) . We also showed that it replicated extrachromosomally without integration into the chromosome ( Figure  4) . Although the cloned segment by itself cannot be maintained stably in human cells, the segment cloned on EBV vector with nuclear retention activity was persistently maintained as a plasmid (Figure 8) . We, therefore, conclude that the fragment replicates autonomously in human cells.
Several chromosomal fragments have been reported to replicate autonomously in human or monkey cells (Frappier and Zannis-Hadjopoulos, 1987; Iguchi-Ariga et al., 1988; Krysan et al., 1989; McWhinney and Leffak, 1990) . Using the density labeling procedure employed here, we have tested the replication activity of several ARS plasmids isolated in other laboratories, including Vol. 4, November 1993 pORS9 and pORS12 (Frappier and Zannis-Hadjopoulos, 1987) , pmyc-HP (Iguchi- Ariga et al., 1988) , and pHgrl6 (Krysan et al., 1989) . pHgrl6, which carries an -15-kb-long human chromosomal segment, replicated in 293S cells at an efficiency similar to that of plWl, whereas pORS9, pORS12, or pmyc-HP did not replicate significantly (Masukata, unpublished data) .
It has been reported that almost any human genomic DNA fragments longer than a certain length replicate autonomously in human cells and that the efficiency of replication varies depending on the size of the fragment (Heinzel et al., 1991) . Our results also showed that not only HER segments but segments excluded during HER selection are able to replicate in human cells. However, comparison of replication efficiencies of segments of a similar size show that HER segments replicate about three times more efficiently than segments excluded during the selection (Figure 9 ). This difference cannot be explained by the size of the segment. These results suggest that certain nucleotide sequences are favored in autonomous replication. Such sequences seem to be very abundant but not evenly distributed in the human chromosome. The apparent dependency of autonomous replication on the size of the DNA fragment could be explained by possible increase in number of such sequences in a longer fragment. Uneven distribution of nucleotide sequences favored in the replication is also supported by the analysis of subclones of plWl. Although various subsegments of plWl show ability in autonomous replication, a certain region of the segment promotes replication more efficiently than other regions (Figure 7 ). More precise analysis using a series of deletion derivatives of plWl showed that absence of an 150-bp region decreased replication efficiency to approximately two-thirds of plWl (Obuse and Masukata, unpublished data). It must be important to deduce specific nucleotide sequences, if any, that affect replication efficiency.
Subcloning experiments show that autonomously replicating activity of plWl is not determined by a single short segment (Figure 7) . Similar results were obtained for other HER segments (Masukata, unpublished data) .
These properties are quite different from those of S. cerevisiae ARSs but resemble Schizosaccharomyces pombe ARSs. In S. pombe, the region sufficient for autonomous replication cannot be delimited shorter than 1-2 kb, and no essential sequences have been deduced (Johnston and Baker, 1987; Maundrell et al., 1988) . It has been shown that several plasmids that do not transform S. pombe at a high frequency can autonomously replicate as a highly polymeric form in transformants formed at a low frequency (Heyer et al., 1986) . These observations suggest that requirement for specific sequences in S.
pombe and in human cells is less stringent than that in S. cerevisiae.
If initiation of replication depends upon a reaction involving a specific region of the template DNA, the Length of Plasmid (kb) Figure 9 . Relation between the size and replication efficiency of the plasmids. The replication efficiencies of various plasmids in 293S cells determined as described in Table 1 site of initiation might be located in the vicinity of the region required. In S. cerevisiae, 2-D gel electrophoresis techniques permit mapping of initiation sites of chromosomal replication to short stretches of DNA that coincide with ARS elements Linskens and Huberman, 1988 (Vaughn et al., 1990; Dijkwel and Hamlin, 1992) . Interestingly, application of 2-D gel techniques to the ura4 region in S. pombe showed that initiation sites cannot be located more precisely than 3-5 kb (Zhu et al., 1992 (Haase and Calos, 1991) . However, because the cellular DNA instead of the Hirt extract of the transfected cells was analyzed, it seems difficult to rule out the possibility that replication of the integrated segment as part of the chromosome might be included in the analysis. Our results showed that HER segment in plWl replicated extrachromosomally in the S phase after release from the aphidicolin block (Figure 4) . Moreover, none of the molecules replicated twice in a cell cycle ( Figure 5) . Therefore, autonomous replication of the human chromosomal segment should be useful as a model system to examine the mechanism of replication of the human chromosome. 
